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A possible setup for the experimental verification of linear Breit-Wheeler pair creation of electrons
and positrons in photon-photon collisions is studied theoretically. It combines highly energetic
bremsstrahlung photons, which are assumed to be generated by an incident beam of GeV electrons
penetrating through a high-Z target, with keV photons from an X-ray laser field, which is described
as a focused Gaussian pulse. We discuss the dependencies of the pair yields on the incident electron
energy, target thickness, laser parameters, and collision geometry. It is shown that, for suitable
conditions which are nowadays in reach at X-ray laser facilities, the resulting number of created
particles seems to be well accessible for enabling the first experimental observation of the linear
Breit-Wheeler process γγ → e+e−.
PACS numbers:
I. INTRODUCTION
Production of electrons and positrons in a collision of
photons represents one of the most intriguing predictions
of quantum electrodynamics (QED) as it implies that
matter can be created from light. Although the underly-
ing fundamental process γγ → e+e− was described the-
oretically by Breit and Wheeler long ago [1], experimen-
tal validation of electron-positron pair production from
light has so far been accomplished solely in the nonlin-
ear multi-photon regime, as part of a two-step process
[2, 3]: firstly, the interaction of a 46.6 GeV electron beam
with an optical terawatt laser pulse at the Stanford Lin-
ear Accelerator Center (SLAC) provided backscattered
photons of multi-GeV energy which, subsequently, cre-
ated electron-positron pairs upon collision with several
eV laser photons (nonlinear Breit-Wheeler process [4]).
Following energy-momentum conservation with inclusion
of field-dressing effects, at least five laser photons were
needed in the second reaction step to overcome the en-
ergy threshold [5, 6], and a total of about 100 positrons
was detected during the experiment.
The successful SLAC experiment, in combination with
the ongoing development of high-intensity laser technol-
ogy, has triggered a substantial theoretical interest in
laser-induced pair production and, particularly, in the
Breit-Wheeler process [7, 8]. On the one side, there
is a research focus on the highly nonlinear regime of
this process [9–15], where its rate exhibits an exponen-
tial nonperturbative field dependence resembling the fa-
mous Schwinger rate. Besides, the influence of the precise
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shape of the laser field has been examined in detail (see
[11, 16–22] and references therein). On the other side,
also the linear version of the process [23], as originally
studied by Breit and Wheeler, where an electron-positron
pair is produced in a collision of two photons, has been
under active scrutiny by theoreticians [24–29]. While be-
ing known to play a crucial role in various astrophysical
contexts, such as γ-ray bursts, black hole dynamics and
active galactic nuclei [30, 31], this elementary QED effect
has not been validated experimentally in the laboratory
yet.
The difficulty for observing the linear Breit-Wheeler
effect manifests itself when the energy-momentum con-
servation is considered
k + k′ = p+ + p−, (1)
where k and k′ stand for the photons wave vectors and
p± denote the electron and positron four-momenta, cor-
respondingly. It leads to the threshold relation ωω′ ≥
2m2
1−cos(φ) between the photon energies ω and ω
′, the par-
ticles’ rest mass m, and the angle φ between the pho-
ton propagation directions [see Fig. 1]. Accordingly, in
the center-of-mass frame, the photon energies need to be
of the MeV order—a scenario, which is challenging to
achieve nowadays with sufficiently high beam intensities.
Throughout this paper we work in Lorentz-Heaviside
units where c = ~ = 0 = 1 and use the metric with
signature diag(gµν) = (1,−1,−1,−1).
In recent years, various theoretical proposals for detec-
tion of linear Breit-Wheeler pair production were put for-
ward. The first designs relied on photon-photon colliders,
where one source was provided by thermal hohlraum ra-
diation, whereas the partner photon was either described
as a plane electromagnetic wave [24] or supposed to re-
sult from bremsstrahlung inside a high-Z target [25].
These proposals were followed by symmetric setups in-
corporating photons stemming from two equal origins,
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FIG. 1: Setup of the proposed experiment for electron (e−) and positron (e+) creation. Here, the GeV and keV photons
involved in the reaction are provided by bremsstrahlung and X-ray laser radiation, respectively.
such as Compton gamma sources [26], laser pulses inter-
acting with thin aluminium targets or dense, short gas
jets [27] or 10-petawatt laser beams penetrating through
narrow tube targets [28]. Additionally, the possibility
of detecting an analog of the Breit-Wheeler process in
bandgapped graphene layers at much lower energy scale
has recently been discussed [29].
In the current paper, we propose an alternative ap-
proach to detect the linear Breit-Wheeler process, which
seems to be feasible in the nearest future, as the involved
techniques are well established nowadays. The setup
under consideration relies on few-GeV bremsstrahlung
photons interacting with keV photons from an X-ray
free-electron laser (XFEL) beam, this way providing
the energy needed for the process to take place. The
bremsstrahlung is assumed to be generated by a GeV
electron beam penetrating through a high-Z solid target;
as a possible source of the highly relativistic incident elec-
trons we propose laser wakefield acceleration (LWFA),
which has proven itself to be suitable for the production
of narrowly collimated intense electron beams [32, 33].
We point out that the required ingredients for our scheme
are in principle available at the HiBEF facility [34] at
DESY (Hamburg, Germany), where a short-pulse 300-
terawatt optical laser is operated in conjunction with the
European XFEL.
It is important to note that Bethe-Heitler pair produc-
tion in the high-Z target represents a competing chan-
nel for positron creation, as the bremsstrahlung photons
may decay into pairs in the atomic Coulomb fields of
the solid [35, 36]. Therefore, in order to ensure the
interaction volume being free from disturbance caused
by electrons from the incident beam or potentially cre-
ated Bethe-Heitler pairs, a static magnetic field needs to
be introduced sidetracking the charged particles. Other
QED processes are neglectable in the considered param-
eter range. A schematic diagram of the proposed setup
is shown in Fig. 1. We point out that a similar setup
was discussed in the context of nonlinear, nonperturba-
tive Breit-Wheeler pair creation, where—instead of an in-
tense X-ray laser—an optical petawatt laser was involved
[13].
Our paper is structured in the following way: after the
introduction, we present in Sec. II the theoretical frame-
work for describing the linear Breit-Wheeler process in
a collision of a highly energetic bremsstrahlung photon
with an X-ray laser photon. The laser light is modeled as
a linearly polarised, monochromatic Gaussian pulse and
the spectrum of bremsstrahlung radiation is taken into
account. Section III illustrates our results and provides
estimations for the number of created positrons which
can be detected in dependence on the various setup pa-
rameters. In the last section a conclusion is provided and,
finally, some technical details are given in an appendix.
II. THEORETICAL DESCRIPTION
This section is devoted to a theoretical perturbative
development of linear electron-positron pair creation oc-
curring when bremsstrahlung photons impinge on pho-
tons coming from a laser field. In contrast to the
well-established consideration, where both photons are
treated as quantized modes, we model the laser photons
as a classical Gaussian pulse. In this context the Volkov-
states approach, which is customarily pursued in strong-
field QED [4], is not applicable as we are dealing with
a focused field. Hence, we shall firstly formulate a the-
oretical framework which–starting from a fully quantum
picture–allows us to go smoothly over to a description of
the interaction between a classical laser field and an arbi-
trary quantized photon mode (Sec. II. A). This approach
will afterwards enable to incorporate the field focussing
(Sec. II. B) as well as the spectrum of bremsstrahlung
photons (Sec. II. C) in a natural way.
3A. Pair production in a laser field
In the parameter range of interest–where the max-
imum amplitude E0 of the laser electric field satisfies
eE0  mω–we describe the linear Breit-Wheeler process
by the second-order scattering matrix element Sfi, where
the initial quantized photon and the created electron-
positron pair are taken into account by number states
|k′, ′〉 and |p+, σ+; p−, σ−〉, correspondingly. Here, k′ is
the wave four-vector of the involved photon with polar-
ization ′, whereas p±, σ± stand for the electron and
positron four-momenta and spin states. On the other
hand, the description of a laser field may be accom-
plished by introducing a coherent state |αk〉 in the mode
k. Since the coherent description insures the incorpora-
tion of large numbers of photons in the laser field, the
initial and final coherent states can be approximately
considered the same, as only one laser photon is involved
in the process. Accordingly, we obtain
Sfi = 〈p+, σ+; p−, σ−;αk|Sˆ[ψˆ, ˆ¯ψ, aˆ]|k′, ′;αk〉 →
〈p+, σ+; p−, σ−|Sˆ[ψˆ, ˆ¯ψ, aˆ+ aext]|k′, ′〉 (2)
with the QED scattering operator Sˆ[ψˆ, ˆ¯ψ, aˆ] of the second
order in the fermion ψˆ and gauge aˆ field operators
Sˆ[ψˆ, ˆ¯ψ, aˆ] =
(ie)2
2!
∫
d4x d4y Tˆ [ ˆ¯ψ(x)/ˆa(x)ψˆ(x) ˆ¯ψ(y)/ˆa(y)ψˆ(y)], (3)
where we have introduced the Feynman notation /ˆa =
γµaµ with Dirac gamma matrices γ
µ, ˆ¯ψ = ψˆγ0 and Tˆ
stands for the time-ordering operator. In the second
line of Eq. (2) the results obtained in [37] were used.
This procedure allows us to evaluate the consequence of
the coherent state by adding to the photon field opera-
tor aˆµ(x) the classical electromagnetic field potential in
Lorenz gauge aµext(x) = 
µa0(x, k) with polarization 
µ
(µkµ = 0). The quantization of the former has been
carried out within the Gupta-Bleuler formalism. Based
on the expression in the second line of Eq. (2) we can
calculate the Breit-Wheeler process for a classical laser
field of arbitrary shape, since the latter may be written
as a linear superposition of wave modes. Accordingly,
a0(x, k) shall represent the vector potential amplitude of
a focused laser field with central wave four-vector kµ.
The rate per volume of the process is obtained as
R
σ±
,′ (k, k
′) =
∫
V d3p+
(2pi)3
V d3p−
(2pi)3
|Sfi|2
TV
, (4)
where the scattering matrix element is being integrated
over the phase space of created electron and positron,
while divided by the interaction time T and volume V . In
our context, after averaging over the polarization of the
quantized photon as well as summation over the fermions
spins, the rate per volume reads
R(k, k′) =
1
TV
∫
d4k˜
(2pi)4
|a˜0(k˜, k)|2RBW (k˜k
′)
N2γ
(5)
with the Fourier transform of the vector potential ampli-
tude
a˜0(k˜, k) =
∫
d4x eik˜xa0(x, k). (6)
Moreover, the quantity RBW (k˜k
′)/N2γ stands for the well
known rate of Breit-Wheeler pair creation obtained as a
result of the collision of two gamma quanta
RBW (k˜k
′) =
αe2N2γ
ω′Vγ
u(s),
u(s) =
[
−s√s2 − 1(1 + s2)
s4
+
(−1 + 2(s2 + s4))ln(s+√s2 − 1)
s4
]
,
(7)
where Nγ refers to the normalization constant of the
quantized field. In this formula, α ≈ 1/137 is the fine-
structure constant, Vγ is the quantization volume and
s2 = kk′/2m2 is the normalised Mandelstam variable
[4, 38].
B. Pair production in the field of a Gaussian pulse
In this section we model the laser field by incorporating
the vector potential of a linearly polarized Gaussian pulse
in paraxial approximation propagating in z−direction for
aµext. As can be seen in Eq. (5), for proceeding further, we
require the absolute value squared of the Fourier trans-
formed amplitude a0(x, k), which is given in Appendix
A. When considering Eq. (A5) the rate per volume in
cylindrical coordinates reads
R(k, k′) =
E20N2γ
32
(τ/2)2w40
TA
∫ 2pi
0
dφk˜
∫ ∞
−∞
dk˜z∫ |k˜0|
0
dk˜⊥ k˜⊥e−
k˜2⊥w
2
0
2
∫ ∞
−∞
dk˜0
k˜20
e−
(τ/2)2
2 (ω−k˜0)2
δ(k˜z − k˜0 + k˜
2
⊥
2ω
)RBW (k˜k
′). (8)
Here, A denotes the interaction area resulting from the
interaction volume divided by a length factor which stems
from squaring the Dirac δ-function. Next, we perform
the integration over k˜z by exploiting the latter one and,
afterwards, integrate over k˜0 by evaluating all compo-
nents except the exponential function at k˜0 = ω as it
provides the biggest contribution to the integral. In
that case, the argument of RBW can be approached by
4k˜k′ ≈ ωω′
(
1− cos(φk˜)
√
1 +
k˜4⊥
4ω4
)
and when substitut-
ing v = k˜⊥w0√
2
we obtain
R(k, k′) ≈ E
2
0N
2
γ
4ω2
(τ/2)
TA
√
pi
2
w20
2
∫ ωw0
2
0
dv ve−v
2
×
∫ 2pi
0
dφk˜RBW
[
ωω′
(
1− cos(φ)
√
1 +
v4
w40ω
4
)]
, (9)
The upper bound of integration in the radial component
is restricted to ωw02 as k˜⊥ is bounded to lie within the
interval [0, ω]. Moreover, we treat the collision angle φ
between laser and quantized photon as an external pa-
rameter which is predefined in our setup [see Fig. 1]. Its
value will be chosen in a way to allow for a practicable ge-
ometry of the experimental setup which avoids damaging
of technical devices by the intense laser beam.
When taking into account the paraxial approximation
(k˜⊥  ω), the square root in RBW can be approached
by 1 and, consequently, the rate of the process becomes
R(ω, ω′, cos(φ)) ≈
a20
4N2γ
(1− e−w
2
0ω
2
4 )RBW [ωω
′(1− cos(φ))] . (10)
Here, we have used the relations TA = τ2
√
pi
2
piw20
2 as the
laser pulse energy of the considered field reads EL =
E20
2
τ
2
√
pi
2
piw20
2 [40]. Additionally, we denote a0 = E0/ω.
C. Bremsstrahlung photons
To obtain the pair creation rate resulting from a col-
lision of bremsstrahlung photons with a Gaussian laser
pulse we integrate the rate, as given in Eq. (9), weighted
by the distribution function of the bremsstrahlung pho-
tons W (k′) with respect to the photon momentum k′:
Rγ(k) =
∫
d3k′
(2pi)3
W (k′)R(k, k′). (11)
Since the incoming electrons employed in the pro-
posed setup are highly relativistic, the generated
bremsstrahlung photons will be emitted preferably in the
direction of the incident electron propagation. More pre-
cisely, the angle of photon spreading can be approximated
by θ ≈ mln(E0/m)E0 [41], where E0 stands for the initial ki-
netic energy of the incoming electrons. Hence, for E0
of the order of GeV we will have angles in the mrad
range. Considering this fact allows us to approximate
the bremsstrahlung distribution function in spherical co-
ordinates by
W (k′) ≈ (2pi)
3Iγ(f, `)
ω′2sin(θk′)E0
Θ(E0 − ω′)δ(θk′ − φ)δ(φk′) (12)
with the photon energy spectrum derived within the com-
plete screening approximation [42]
Iγ(f, `) ≈ (1− f)
4
3 ` − e− 79 `
f( 79 +
4
3 ln(1− f))
(13)
and φ being the angle between the directions of prop-
agation of laser photons and bremsstrahlung electrons
as both beams lie in one plane, whereas the laser beam
propagates in z direction and its focal point is set to
define the origin [see Eq. (A1)]. Moreover, the distribu-
tion function depends on the normalised target thickness
` = LT /Lrad with Lrad being the radiation length of the
target material and f = ω′/E0 stands for the normalised
photon energy. Notice that the formula above provides
a good estimation for the photon energy distribution in
the ranges 0.5 . ` . 2 and f & 0.2 = fmin (see [42]).
Hence, when taking into account the assumptions
listed above Eq. (10), the rate per volume of the process
reads
Rγ(ω, cos(φ)) =
∫ 1
0
dfR(ω, ω′, cos(φ)) Iγ(f, `). (14)
This equation constitutes the basis for our numerical re-
sults which are presented below.
III. RESULTS AND DISCUSSION
When aiming to provide an estimation of the average
number of created electron-positron pairs per incident
electron emitting bremsstrahlung, we multiply the rate
of the process as given in Eq. (14) with the laser pulse
duration and interaction volume
N = τV Rγ . (15)
In the process under consideration, there is an interaction
volume provided by the laser pulse which can be approx-
imated by V = w20piτ . Moreover, the spreading beam of
bremsstrahlung photons introduces a second constraint
on the area, where the desirable reaction is possible. In
our framework this coincides with the photon quantiza-
tion volume Vγ as given in Eq. (7). With the small-angle
approximation it can be estimated by pi(θL)2τ , where θ
is the photon collimation angle and L stands for the dis-
tance between the solid target and laser focus [see Fig. 1].
Hence, the number of pairs per incident electron reads
N ≈ τw
2
0
(θL)2
αξ2m2
4E0
∫ 1
fmin
df
f
Iγ(f, l)u(s) (16)
as for an X-ray laser beam the wave length is much
smaller than the beam waist w0  1/ω and we perform
the integration in the region where Eq. (13) provides a
good approximation. Here, the normalised Mandelstam
variable has been expressed as s =
√
ωE0f(1−cos(φ))
2m2 [com-
pare with Eq. (7)]. Moreover, for the following discus-
sion we introduce the usual laser field strength parameter
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FIG. 2: Red (φ = 150◦) and blue (φ = 165◦) curves show the number of pairs in dependence on the initial electron energy for
ξ = 0.001, τ = 100 fs, w0 = 20 µm, L = 50 cm and LT = 7 mm. Laser frequencies are set to ω = 0.3 keV for the left panel and
ω = 10 keV for the right panel.
ξ = ea0/m, which serves as an indicator of whether the
perturbative procedure can be applied. In our context
we restrict the parameter space of ξ to lie well below 1.
Next, let us examine how the number of pairs, as given
in Eq. (16), depends on the setup parameters. The
rapidly evolving field of laser-wakefield electron accel-
eration allows for compact experimental arrangements
providing electrons with energies of up to several GeV
when using a subpetawatt-class laser [43], as provided,
for example, within the HiBEF project at the European
XFEL [34]. Here, we will cover electron energies in the
range of 40 MeV to 4 GeV. By penetrating through
a lead target, these electrons generate a spectrum of
bremsstrahlung with corresponding endpoint energies.
As the Eq. (14) represents a reliable approximation to
the bremsstrahlung spectrum for restricted values of f ,
we will chose suitable laser frequencies in the domain
from soft to hard X-rays (0.3− 10 keV) in order to meet
the conditions of applicability. Soft X-ray laser pulses
of 0.3 keV photon energy could be delivered, for exam-
ple, by the FLASH facility at DESY in Hamburg, where
photons with wavelength between 4.2 − 52 nm can be
generated. Hard X-ray laser pulses with photon energies
of 10 keV and even higher are available at the European
XFEL at DESY and the LCLS at Stanford [44]. For our
numerical calculations, we choose the value of the laser
field strength parameter as ξ = 0.001 throughout. It
corresponds to an intensity of I ≈ 8 × 1016 W/cm2 at
ω = 0.3 keV and I ≈ 9× 1019 W/cm2 at ω = 10 keV.
Figure 2 shows how the number of created positrons,
which in our case coincides with the number of created
pairs, depends on the energy E0 of the incident electron
beam. The left panel considers the collision of a soft X-
ray laser pulse (ω = 300 eV) with bremsstrahlung emit-
ted from 1− 4 GeV electrons. The right panel assumes,
instead, that the pairs are created by an XFEL pulse of
10 keV photon energy which collides with bremsstrahlung
from 40−130 MeV incident electrons. The red (φ = 150◦)
and blue (φ = 165◦) curves correspond to different an-
gles between the colliding photons [see Fig. 1]. We see
that, in the considered energy ranges, the number of pairs
grows with increasing E0. Even though the center-of-
mass energy available for pair creation is similar in the
left and right panels, respectively, the number of pro-
duced pairs is about ten times larger on the left. This
outcome can be attributed to the fact that, for smaller
E0, the bremsstrahlung emission angle θ increases, which
reduces the overlap with the focal region of the laser pulse
and, thus, the number of bremsstrahlung photons in the
interaction volume. In comparison with the aforemen-
tioned effect, the impact of the prefactor 1/ω′ in Eq. (7)
is of minor importance here. We note that, for the largest
electron energy considered (E0 = 4 GeV) slightly more
than 2 pairs can be generated per 10 pico-Coulomb of
incident electrons.
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FIG. 3: Contribution of bremsstrahlung frequencies to the
pair production for a lead target of thickness LT = 7 mm and
E0 = 4 GeV, ξ = 0.001, ω = 0.3 keV, τ = 100 fs, w0 = 20 µm,
L = 50 cm for φ = 165◦ (blue) and φ = 150◦ (red).
For an initial electron energy of E0 = 4 GeV we
examine the functional dependence of the integrand in
Eq. (16) on the normalized bremsstrahlung photon en-
ergy f in Fig. 3. The course of the curves reflects sev-
eral tendencies. While the factor u(s) in Eq. (7) al-
ways increases with growing photon energy, the Breit-
Wheeler rate RBW itself first quickly grows from zero at
the threshold, reaches a maximum at a particular value
of ω′, and afterwards starts to decay–this way reflecting
6the influence of the factor 1/ω′ in Eq. (7). For our param-
eter set the value of ω′ leading to the maximum rate is
approximately 1.5 GeV. The latter tendency is enhanced
by the fact that the number of bremsstrahlung photons
falls when their energy rises [as provided by Eq. (13)].
Due to the combination of these effects, the maximum
contributions to the pair yields stem from the spectral
region around ω′ ≈ 0.3E0. Accordingly, the electrons
and positrons are created with typical energies of about
600 MeV. They are emitted predominantly in the propa-
gation direction of the bremsstrahlung photons. In addi-
tion, we see in Fig. 3 that the maximum of the red curve
for φ = 150◦ is slightly shifted to the right. This effect
is caused by the φ-dependence of the threshold energy
∼ [1 − cos(φ)]−1. The smaller φ, the larger ω′ must be
to overcome it.
Further, Fig. 4 depicts the relation between the thick-
ness of the chosen lead target (Z = 82, Lrad = 5.6 mm)
and the expected number of created positrons. Both
curves firstly grow with increasing target thickness, un-
til they reach their maximum at approximately 7 mm,
from where on they decline. The maximum arises be-
cause, on the one hand, the probability for the emis-
sion of bremsstrahlung grows when the incident elec-
trons have to travel through the target material over
longer distances. On the other hand, however, emmit-
ted bremsstrahlung photons can be scattered or reab-
sorbed in the target; the corresponding probability in-
creases with the target thickness as well. If the latter
exceeds a certain value, the photon loss processes start
to dominate over their generation, this way causing the
appearance of an optimal thickness.
4 6 8 10
0.15
0.16
0.17
0.18
0.19
0.20
0.21
0.22
LT [mm]
N
[per
pC
]
FIG. 4: Number of created pairs per pC for different target
thicknesses LT of lead and E0 = 4 GeV, ξ = 0.001, ω =
0.3 keV, τ = 100 fs, w0 = 20 µm, L = 50 cm for φ = 165
◦
(blue) and φ = 150◦ (red).
Finally, Fig. 5 illustrates how many pairs can be ob-
served for the optimal parameter set (E0 = 4 GeV,
LT = 7 mm) when changing the distance between X-
ray laser focus and solid target. We see that the number
of pairs to be detected decreases with growing L. The
number scales with L−2 as Eq. (16) shows. Similarly
to changes in the photon spreading angle θ, we reduce
the number of interacting photons when increasing the
distance between the photon sources. It is interesting
to note that tighter focusing of the X-ray laser does not
provide a similar effect: as the number of created pairs
in Eq. (16) is quadratic in both the beam waist w0 and
the parameter ξ, with the latter implying a linear depen-
dence on the laser intensity, the pair yield in the linear
Breit-Wheeler regime depends only on the total laser en-
ergy EL.
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FIG. 5: Dependence of the number of created pairs per
pC on the distance L between solid target and laser focus.
Here, the blue and red curves represent the collision angles
φ = 165◦ and φ = 150◦, while the remaining parameters are
set to E0 = 4 GeV, ξ = 0.001, ω = 0.3 keV, τ = 100 fs,
w0 = 20 µm and LT = 7 mm.
Since the production of incident electron bunches of
several 100 pC up to ≈ 1 nC is becoming feasible with
LWFA [32, 33], a detection of up to ≈ 350 Breit-Wheeler
pairs per shot appears approachable with experimental
parameters available today or in the near future. This
amount of pairs is larger than the total positron yield
detected in the SLAC experiment [2, 3]. It can be com-
pared to predictions provided by similar setups involving
highly energetic bremsstrahlung photons for linear and
nonlinear Breit-Wheeler processes. In the linear regime
of Ref. [25], up to 105 pairs were obtained for 109 inci-
dent electrons, corresponding to approximately 150 pC;
the larger pair yield, in comparison with the present
setup, may be attributed to the larger interaction vol-
ume provided by the radiation-filled hohlraum. Up to 104
pairs per pC were found in the highly nonlinear regime
(ξ = 30) of Ref. [13]. This predicted yield assumes that
the detrimental impact of the bremsstrahlung beam di-
vergence can be compensated by suitable prefocusing of
the incident electron beam. Otherwise, the number of
created pairs would be reduced by several orders of mag-
nitude, accordingly, and would reach a similar level like
in the present study.
IV. CONCLUSION AND OUTLOOK
In the present paper we have theoretically examined
a possible setup for detection of linear Breit-Wheeler
pair creation, resulting from the interaction of an in-
7tense X-ray laser pulse and a beam of high-energy
bremsstrahlung. We have shown that by using few-GeV
bremsstrahlung photons–produced from several 100 pC
of laser-accelarated incident electrons penetrating a few-
mm thin high-Z target–and a 100 fs soft XFEL pulse
with ∼ 1017 W/cm2 intensity, which is feasible today in
the laboratory, on the order of 102–103 positrons are ex-
pected to be created per shot. The proposed scheme thus
offers a way to accomplish the long overdue experimen-
tal verification of this fundamental QED process in the
linear regime, which was predicted more than 80 years
ago.
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Appendix A: Fourier transform of a Gaussian pulse’s
vector potential
Let us consider the electric field component of a Gaus-
sian pulse E = E(x, k) with linear polarization  and
propagation direction z. Within the paraxial approxi-
mation E(x, k) reads
E(x, k) = E0 e
− (z−t)2
(τ/2)2√
1 + ζ(z)2
e
− r2
w2(z) cos(Φ(x, ω)), (A1)
where E0 is the field amplitude, τ is the pulse duration,
r2 = x2 + y2 and w(z) = w0
√
1 + ζ(z)2. Here, w0 is
the waist size of the beam, whereas ζ(z) = z/zR with
zR = w
2
0pi/λ denoting the Rayleigh length. Moreover, in
the expression above the phase is given by
Φ(x, ω) = ω(z − t) + ζ(z) r
2
w2(z)
− arctan(ζ). (A2)
The field in (A1) can be related to a vector potential aµ =
(ϕ,a0) fulfilling the Lorenz gauge condition with ϕ = 0.
Indeed, under such restrictions E = − ∂a0∂t holds. Hence,
the Fourier transform of the vector potential amplitude
results in
a˜0(k˜, k) = −
∫
d4xeik˜x
∫ t
dt′E((t′,x), k). (A3)
For the sake of convenience, we firstly integrate over
the space coordinates and subsequently perform the in-
tegrals over t′ and t. Consequently, we obtain
a˜0(k˜, k) = − ipi
2
√
piw20E0
k˜0
τ
2
e−
k˜2⊥w
2
0
4 ×[
e−
(τ/2)2
4 (ω−k˜0)2δ
(
k˜z − k˜0 + k˜
2
⊥w
2
0
4zR
)
+e−
(τ/2)2
4 (ω+k˜0)
2
δ
(
k˜z − k˜0 − k˜
2
⊥w
2
0
4zR
)]
. (A4)
Notice that for long pulses, τ  1, the biggest contribu-
tion to the integral is provided by k˜0 ≈ ±ω and, hence
when substituting zR, the expression above can be ap-
proximated by
a˜0(k˜, k) = − ipi
√
piw20E0
k˜0
τ
2
e−
k˜2⊥w
2
0
4 δ
(
k˜z − k˜0 + k˜
2
⊥
2k˜0
)
×[
e−
(τ/2)2
4 (ω−k˜0)2 + e−
(τ/2)2
4 (ω+k˜0)
2
]
, (A5)
which coincides with the corresponding result found in
[39] for k˜⊥  k˜0. Moreover, in the limit τ → ∞ we use
an exponential representation of the Dirac delta function,
lim→0 1√2pie
− x22 = δ(x), and obtain
a˜0(k˜, k) = − i2pi
3w20E0
k˜0
e−
k˜2⊥w
2
0
4 δ
(
k˜z − k˜0 + k˜
2
⊥
2k˜0
)
×(
δ(ω − k˜0) + δ(ω + k˜0)
)
, (A6)
which corresponds to the vector potential of a Gaussian
beam.
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